The reaction mechanisms by which antioxidants can exert their activity are: hydrogen atom transfer (HAT), proton coupled electron transfer (PCET), sequential proton loss electron transfer (SPLET), single electron transfer -proton transfer (SET-PT), radical adduct formation, and sequential proton loss hydrogen atom transfer. The antioxidative activity of different compounds (flavones, flavonols, and Schiff basis) was investigated by the trolox equivalent antioxidative capacity and electron paramagnetic resonance methods. The mechanisms of the antioxidative action (HAT, PCET, SPLET, and SET-PT) were investigated by using the thermodynamic parameters: bond dissociation enthalpy, ionization potential, proton dissociation enthalpy, proton affinity, and electron-transfer enthalpy. The influence of different radicals was investigated using appropriate isodesmic reactions. The mechanistic approach to the investigation of the influence of different radicals to the HAT mechanism, and the second step of the SET-PT mechanism) was applied. These investigations contribute to the elucidation and understanding of complex processes involved in the antioxidative action.
Introduction
Oxidative stress is a state of the cell in which the concentration of the reactive radical species exceeds the capacity of the endogenous antioxidative protection system (Barnham Et al. 2004; Sayre et al. 2008) . The increased level of the oxidative stress may be one of the factors involved in the emergence of a large number of acute and chronic diseases. The reactive free radical species, in particular oxygen-centered radicals (ROS), may be responsible for the oxidative degradation of the vital biomolecules, lipids, proteins, nucleic acids (Barber et al. 2004; Ames et al. 1993) . The oxidative degradation of biomolecules can accumulate for years, which contributes to aging and an increased risk for certain neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS), Alzheimer's disease (AD) and Parkinson's disease (PD) (Barnham et al. 2004; Ames et al. 1993) . Modern studies on the role of the oxidative stress in neurodegenerative diseases suggest that antioxidants can potentially be used for therapeutic purposes (Lleó et al. 2006; Mossmann et al. 2004; Troadec et al. 2001 ).
The flavonoids are aromatic secondary plant metabolites, which belong to the class of plant polyphenols. Because of the remarkable array of biological and pharmacological activities these molecules are increasingly used as antioxidant, inhibiting, antiviral and antimicrobial agents which also exhibit vascular, anti-inflammatory and antiallergic activity. Phenolic acids are known antioxidants not only because of their ability to donate a hydrogen atom or an electron but also because of their stable intermediate radicals which prevent the oxidation of the various components of cereals, particularly fatty acids and oils. The antioxidant activity of phenolic acids is closely associated with the structure, the type, number and position of substituents on the aromatic rings as well as the structure of the side chains. Phenolic acids have different functions in plants including the assimilation of nutrients, protein synthesis, enzyme activity and photosynthesis.
Thione-substituted 1,2,4-triazoles represent an important class of heterocycles which are, owing to their numerous features, widely applied in various fields of medicinal and industrial chemistry. A large number of these derivatives exhibit diverse biological properties including anticonvulsant (Plech et al. 2014) , antidepressant, (Kane et al. 1988) anti-inflammatory (Palaska et al. 2002) , antibacterial, (Ezabadi et al. 2008) antifungal (Parker et al. 2011 ) and anticancer activity (Mavrova et al. 2009 ). The antioxidant activity of 1,2,4-triazole-3-thione (thiol) compounds has attracted much attention in relation to their radical-scavenging potential. In the context of the potential industrial applications, several 1,2,4-triazole-3-thiones have shown corrosion inhibition of copper and mild steel in chloride media and acidic solutions Kumara et al. 2012 ).
Antitumor, antiviral, antifungal and antibacterial activities of Schiff bases (RadeckaParyzek et al. 2007 ) have found application in medicine and pharmacy. Due to their biological properties, these compounds are used as basic materials for synthesis of antibiotics, antiallergics, antitumors and antifungal drugs (Lozier et al. 1975; Hodnett and Dunn 1970) . It has also been reported that Schiff bases of salicylaldehydes have influence in plant growth (Alt 1981) , and show some antimicrobial (Hamada et al. 1981 ) and antimycotic activity (Ismail 1986) . These compounds are active against a wide range of organisms such as: Candida albicans, Escherichia coli, Staphylococcus aureus, Bacillus polymyxa, Trichophyton gypseum, Mycobacterium, Erysiphe graminis, and Plasmopara viticola (1). They also have the ability to rebuild hemoglobin, red blood and white blood cells (Ozaslan et al. 2011) . Schiff bases also proved to be useful in treatment of AIDS and diabetes Khan et al. 2013 ). Also, it was shown that some phenolic Schiff bases act as effective antioxidants and potential drugs that can prevent disease caused by free radical damage (Anuoar et al.2013; Taha et al. 2013; Khan et al. 2013; Chenga et al. 2011) .
The antiradical activity mechanisms of the selected molecules and the stability of their readicals were examined using theoretical methods. Special attention was devoted to examination of the single electron HAT, PCET, SET-PT and SPLET mechanisms. The impact of the structure (number and position of OH groups), polarity of the solvents and the type of radicals were examined. Quantum mechanical calculation were included in silico approach. The conformational searches, optimization of the most stable structures and calculation of frequencies were carried out by using DFT method. The geometries of all compounds, including neutral molecules, radicals, anions, radical-anions and cations were fully optimized using M05-2X, M06-2X, and B3LYP functionals and 6-311 ++ G (d, p) base set in conjunction with the SMD and CPCM solvation models. Thermodynamically favorable mechanisms of the action of all the investigated molecules were quantitatively expressed through physicochemical descriptors such as BDE (bond dissociation enthalpy), IP (ionization potential), PDE (proton dissociation enthalpy), PA (proton affinity) and ETE (electron transfer enthalpy). The transition state theory was applied for the study of the reaction mechanisms (manly HAT and PCET), to describing the geometry of the corresponding transitional states, and calculating the reaction rate constants (k).
The antioxidant mechanisms
The reactions of governing the antioxidant activity of different chemical compounds take place in highly complex environments. The complexity of the environment stems from a number of different radicals and antioxidants' reactive species, which are present in biological media. All of these species can be involved in chemical reaction related to the antioxidant activity. The importance of these compounds is related to both their concentrations and reactivity. On the other hand, the polarity of the environment and the pH value play an important role in these reactions. In this regard, different radicals can react via different mechanisms in different media. Therefore it becomes evident that elucidating the main reaction mechanisms involved in the antioxidant activities of chemical compounds may be a challenge. For these reasons some of the most important reaction mechanisms involved in antioxidant protection, from both experimental and theoretical approaches, are investigated in many cases. In this paper, some theoretical results will be presented in the case of different chemical compounds.
The antiradical properties of different natural and synthetic antioxidants (A-OH) are based on their ability to donate hydrogen atom to a free radical. In these reactions a newly formed radical, which is more stable and less reactive than the previous one, is generated. There are several mechanisms of the antioxidant actions of free radicals: hydrogen atom transfer (HAT), proton coupled electron Transfer (PCET), single electron transfer followed by proton transfer (SET-PT), sequential proton loss electron transfer (SPLET), radical adduct formation (RAF), and sequential proton loss hydrogen atom transfer (SPLHAT) (Klein et al. 2007; Litwinienko and Ingold 2007; Galano 2015; Galano et al. 2016; Mazzone et al. 2016 ).
HAT and PCET mechanisms
It is well known that identity reactions (RXH + X
• → RX • + XH) involving HAT mechanism between two oxygen atoms have much lower activation energies and higher rate constants than HAT mechanism between two carbon atoms (Min et al. 2002) . Mayer et al. (Rose et al. 1993) provided simple explanation for these differences. On the basis of DFT calculations they found that the transition states for for the PhO
• + PhOH and PhCH2 • + PhCH3 have quite different structures ( Figure 1 ). In the reaction A, HAT involves transfer of a proton with one of its bonding electrons. However, in the reaction B between phenoxyl radical and phenol, a pretransition state complex is formed between the OH and a lone pair on O • . It means that proton is transferred from phenol to the radical's lone pair. On the other hand, electron moves from the 2p lone pair of the phenol to the singly occupied molecular orbital (SOMO) of phenoxyl radical. The authors find that the energy barrier is lower and narrower for reaction phenoxyl radical/ phenol compared to benzyl/toluene reaction.
Fig. 1. Electrostatic potential maps for HAT (benzyl/toluene) and PCET (phenoxyl/phenol) mechanisms
In the HAT and PCET mechanisms, a hydrogen atom is transferred to a free radical:
this mechanism is characterized by the homolytic bond dissociation enthalpy (BDE) of OH groups. This thermodynamical value can be calculated using the following equation:
H(A−OH), H(A−OH), and H(H •
) are enthalpies of the parent molecule, corresponding radical, and hydrogen atom, respectively. A higher BDE value is attributed to a lower ability for donating an H atom.
Radical Adduct Formation (RAF)
The RAF mechanism can be schematically represented as:
and [А-ОH-R]
• represent an antioxidant, free radical, and the obtained free-radical adduct, respectively. This mechanism represents a reaction between antioxidant and the free radical. In contrast to the HAT and PCET mechanisms, the antioxidant does not provide its hydrogen atom, but forms the radical adduct with the free-radical. This mechanism depends on the structure of the investigated antioxidant and the free radical. If the investigated antioxidant has multiple bonds, then the RAF is possible reaction path. In addition, the properties of the free radical play an important role, the electrophilic free radicals have the greatest potential for participation in this type of reactions. Generally speaking, the reaction centre of the investigated antioxidant should be easily accessible, a free radical should be a small or medium sized to avoid potential steric hindrance. The RAF is the most likely mechanism for the free radical scavenging of hydroxyl radical with: gentisic acid (Joshi et al. 2012) caffeine (León-Carmona et al. 2011) , melatonin , and its metabolites Galano et al. 2014) , hydroxybenzyl alcohols (Dhiman et al. 2009 ) and carnosine (Tamb et al. 1999 ).
SET-PT mechanism
This mechanism is also known as Sequential Electron Proton Transfer (SEPT). In the first step of the SET-PT mechanism a phenolic compound loses an electron, and yields the corresponding radical cation Ph−OH
This first step is characterized by the ionization potential (IP) which can be calculated as follows:
H(A−OH
•+
) and H(e − ) are the enthalpies of the radical cation and electron, respectively.
The second step of this mechanism is deprotonation of A−OH
This reaction step is characterized by proton dissociation enthalpy (PDE) of O−H bonds. PDE can be calculated using the following equation:
where
is the enthalpy of proton.
The solvent plays an important role in this mechanism. In the first step of this reaction radical cation is formed. Therefore polar solvent is necessary for this mechanism to stabilize the resulting intermediate. Moreover, polar solvent should be also protic due to the nature of the second step of this mechanism.
This mechanism is much less present in comparison to HAT and PCET mechanisms because the first step which is very slow. On the other hand, once formed the radical cation easily losts proton in the second step of this mechanism, for example in the case of baicalein (Marković et al. 2012 ) and quercetin ). On the other hand, SET-PT mechanism plays an important role in the oxidative damage of biomolecules by highly reactive radicals such as hydroxyl radical. For instance, the SET-PT mechanism is the main reaction path for reaction of the guanosine and hydroxyl radical (Galano et al. 2009 ).
Sequential Proton Loss Electron Transfer (SPLET)
The SPLET mechanism is two steps mechanism, proposed by Ingold and Litwinienko (Litwinienko and Ingold 2003; Litwinienko and Ingold 2004; Litwinienko and Ingold 2005; Litwinienko and Ingold 2007) . The first step in the SPLET mechanism Litwinienko and Ingold (2007) , Foti et al. (2004) is deprotonation of the corresponding antioxidant, followed by the antioxidant anion A−O − formation:
This step is described by proton affinity (PA) of the antioxidant anion. PA can be calculated by means of the following equation:
. The anion on further on loses an electron:
This step corresponds to electron transfer enthalpy (ETE) which can be calculated according to the following equation:
The values for the solvation enthalpies of the proton and electron were taken from literature (Foti et al. 2004; ).
Тhis mechanism is particularly important for the explanation of the antioxidant activity of phenolic compounds (Foti 2007) . Analysing the antioxidant activity two important chemical characteristics of the antioxidant should be mentioned. The first one is its pKa, which is responsible for the determination of the proportion of the deprotonated species in water solution and at each pH value, for instance at pH=7.4 (physiological conditions). The second one is the electron donating ability of the deprotonated antioxidant. In this case the electron accepting ability of the free radical species should also be pointed out. Moreover, the role of the solvents in these reactions should also not be forgotten. The solvent should be polar and protic, and be able to provide good solvation of the anion formed. Therefore, it is expected that the SPLET mechanism is dominant in water but not in the lipid phase characteristic to the biological systems. SPLET has being identified as a crucial mechanism in the scavenging activity exerted by numerous compounds in polar environments. Some examples are curcumin ( (Marković et al. 2012 ) and purpurin (Jeremić et al. 2012 ).
Sequential proton loss hydrogen atom transfer (SPLHAT) mechanism
The first step of this mechanism is identical to that one of the SPLET Eq. 8, while the second one differs from SPLET. In this step the anion further loses a hydrogen atom:
This step corresponds to hydrogen atom transfer enthalpy (HATs) which can be calculated according to the following equation:
H(A−OO −• ) and H(A−(OH)O
− ) are the enthalpies of the radical anion and anion, respectively.
All investigated flavonoids are presented in Figure 2 . On the basis of the mutual comparison of the thermodynamical parameters BDE, IP, and PA for these compounds it was found that that IP values are the largest, indicating the SET-PT mechanism is not the favourable reaction path for all investigated compounds, in all investigated solvents. On the other hand, HAT and PCET are dominant mechanisms of the antioxidative action in gaseous phase, for all the investigated compounds. Also, the HAT mechanism is predominant reaction pathway for baicalein (Marković et al. 2011) , morin (Marković et al. 2012a) , and morin 2′-O − phenoxide anion (Marković et al. 2012b ) in benzene as a nonpolar solvent. In polar solvents, like water, the SPLET mechanism is predominant reaction pathway for all compounds. It is obvious that the polarity of the solvent plays an important role in determining the dominant mechanistic pathway of the antioxidative action of the investigated compounds. The obtained results are expected, since that the first step of the SPLET mechanism is the formation of the corresponding anion, which is strongly solvated in an aqueous medium. On the other hand, free radicals are not solvated in the same way as ions. It is necessary for a solvent, having an unpaired electron to solvate free radicals. However, the interactions between free radicals are weak, because the solvents have all their electrons paired. Even more, water as a solvent increases molecular mobility and rates of reaction, reducing radical lifetimes. Also, water as proton donor increases the rates of radical quenching.
Fig. 2. The most stable structures of the investigated compounds
All investigated anthraquinones are presented in Figure 3 . HAT is the most favoured radical scavenging mechanism of all three anthraquinones in the gaseous phase. (Jeremić et al. 2014; Jeremić et al. 2012) On the other hand, the SPLET mechanism is preferable mechanism in water. Our calculations showed that SET-PT is not probable reaction path for all three molecules in both gaseous and water phases.
Fig. 3. The most stable structures of the investigated anthraquinones
The optimized structures of the investigated 1,2,4-triazole-3-thiones in methanol are presented in Figure 4 . On the basis of the thermodynamic values: BDE, IP, PDE, PA, and ETE, one can assume which antioxidant mechanism will prevail under certain conditions. As expected the IP values are significantly higher than the corresponding BDE, and p PA values, for all examined compounds. This indicates that the SET-PT mechanism is not favourable reaction pathway for the investigated compounds. The PA values are significantly lower than the BDE values, suggests the SPLET as the dominant mechanism. The obtained thermodynamic values are in good agreement with the experimental IC50 values (Ivanović et al. 2016) . The compounds 4f and 4h have the lowest PA and IC50 values. This result is not surprising, since the previous investigations of the antioxidant activity of Schiff bases showed that polar protic solvents, such as methanol and ethanol, favour the SPLET mechanistic pathway. Fig. 4 . The most stable structures of the 1,2,4-triazole-3-thiones
Antioxidative mechanisms employing different free radicals
The scavenging mechanisms of different antioxidants are highly influenced by the properties of the scavenged radical species (Hussein 2011; Fang et al. 2013 ). The Reaction enthalpy and Gibbs energy are quantity that can successfully contribute to the understanding of these processes. A direct approach to estimate the ΔH and ΔG of a reaction is to apply the fundamental thermodynamic relationship, i.e., to subtract the enthalpy or free energy of the reactants from the enthalpy or free energy of the products. If the reaction is exothermic or exergonic, it means that the newly formed radical is more stable than the starting one, implying the reaction path as favourable. Otherwise, if the reaction is endothermic or endergonic, the reaction path is not favoured, because the newly formed radical is less stable than the starting one.
Since the above mentioned equations 1, 4, 6, 8, 10 are not dependent upon the free radicals type it is necessary to examine the influence of the specific free radicals on possible antioxidative mechanism. To be able to examine the influence of specific free radicals to on antioxidative mechanism, the reactive particle RO
• needs to be introduced.
In the HAT mechanism, the hydrogen atom is transferred from antioxidant to the free radical RO
ΔHBDE for the HAT mechanism can be calculated using the following equation:
where the H(AO ) are the enthalpies of the radical, molecule obtained after the hydrogen atom abstraction from the molecule of antioxidant, starting antioxidant, and the free radical species, respectively. Lower ΔHBDE values can be attributed to a greater ability of antioxidant to donate a hydrogen atom to RO
• species.
The first step in the SET-PT mechanism is transfer of an electron from the antioxidant to free radical species, yielding the corresponding radical cation A−OH
•+ and anion.
ΔHIP for the first step of the SET-PT mechanism can be calculated as follows:
where the H(A−OH
) and H(RO − ) are the enthalpies of the radical cation of the initial antioxidant and anion generated from the corresponding initial free radical.
The second step of this mechanism is deprotonation of A−OH
•+ by RO
ΔHPDE can be calculated using the following equation: ΔHPA can be calculated as follows:
In the next step electron transfer from A−O − to RO • takes place:
ΔHETE can be determined by the equation:
The investigated antioxidants are presented in Figures 3 and 5 . On the basis of mutual comparison of the thermodynamical parameters ΔHBDE, ΔHIP, and ΔHPA for all the investigated antioxidants, it was found that that ΔHIP values are the largest, clearly indicating SET-PT mechanism as not favourable reaction path for all investigated antioxidants and free radicals, in all solvents. This result is in accordance with the usual thermodynamic calculations previously described. In the reaction of quercetin radical cation with the MeS anion, in both gaseous and aqueous phases, an electron from a lone pair of the MeS anion spontaneously transfers to quercetin radical cation, yielding quercetin and CH3S radical as reaction complex. It means that this reaction undergoes the HAT mechanism. On the other hand, in the case of reaction of quercetin radical cation with methylamine in both gaseous and aqueous phases obey the SET-PT mechanism is operative. Actually, quercetin radical cation spontaneously donates a proton to the methylamine. The reaction with the hydroxide anion lies in the middle of these two extremes. In the gaseous phase quercetin radical cation and the hydroxide anion spontaneously transform into Q and hydroxyl radical, which further conform to the HAT mechanism . Oppositely, quercetin radical cation can undergo the SET-PT mechanism in the presence of hydroxide anion in the aqueous solution. The main reason lies in the fact that the charged particles are additionally stabilized in polar solvents. Finally, we can concluded that whatever the source of quercetin radical cation is, this radical cation will spontaneously be transformed into quercetin in the presence of bases which HOMO energies are higher than the SOMO energy of quercetin radical cation in a given medium. It means that quercetin radical cation cannot undergo the SET-PT mechanism in such an environment. On the other hand, SET-PT is the plausible mechanism of quercetin radical cation in the presence of bases which HOMO energy is lower than the SOMO energy of quercetin radical cation in a given medium .
As regards to the antioxidant properties of Schiff bases (Figure 6 ) in the presence of O2, it was found that SET-PT is not an operative antioxidant mechanism. As for radical scavenging of hydroxy radical, it was found that SPLET and PCET are competitive mechanisms in all solvents. On the other hand,
• OOH and CH2=CH−O−O • , will react via SPLET mechanism in polar and nonpolar solvents. Finally it should be noted that these Schiff bases will react very slowly with the superoxide anion radical with s superoxide radical in nonpolar solvents very slowly, while these bases will not react with superoxide anion radical in nonpolar solvents.
Fig. 6. The most stable structures of the Schiff bases

Резиме
Антиоксиданти остварују своју активност помоћу неколико реакционих механизама: преносом атома водоника (HAT), куплованим преносом протона и електрона (PCET), секвенцијалним губитком протона праћеним преносом електрона (SPLET), преносом једног електрона праћеним преносом протона (SET-PT), образовањем радикалског адукта и секвенцијалним губитком протона праћеним преласком атома водоника. Антиоксидативна активност различитих једињења (флавона, флавонола, и Шифових база) испитивана је TEAC (Тrolox equivalent antioxidative capacity) тестом и методом електронске парамагнетне резонанције. Механизми антиоксидативне активности (HAT, PCET, SPLET, и SET-PT) испитани су коришћењем следећих термодинамичких параметара: енталпија дисоцијације везе, јонизациони потенцијал, енталпија дисоцијације протона, афинитет протона и енталпија преноса електрона. Утицај различитих радикала је испитан применом одговарајућих изодезмичких реакција. Испитан је реакциони механизам и утицај радикала код HAT механизма, и у другом кораку SET-PT механизма. Резултати ових истраживања доприносе расветљавању и разумевању сложених процеса антиоксидативне активности.
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